Several experiments have accumulated over 100 events with energies of cosmic rays exceeding 4 × 10 19 eV. These events have macroscopic energies, unobserved sources, unknown chemical composition and the spectrum astonishingly shows no GZK cut-off. There are no easy explanations as to how known astrophysical objects can accelerate particles to these energies. Their observation thus remains a puzzle for conventional astrophysics mainly due to the lack of statistics. This paper reviews the present experimental status of the field. Special attention is devoted to the running experiments and to the Pierre Auger observatory.
Introduction
Our universe is a rich source of all kinds of radiation, including photons, neutrinos and particles, with a wide range of energies. Some of the radiation is produced in stars and galaxies, while some is cosmological background radiation, a relic from the history of the evolution of the universe. Among this the most energetic are cosmic ray particles with energies beyond 10 20 eV. This paper will mainly concern the problem raised by the observation of cosmic rays whose energies are above 5 × 10 19 eV. For such particles we shall use the term 'extremely high-energy cosmic rays' or simply EHECR.
Cosmic rays were discovered at the beginning of this century by Hess. Since that time experiments have shown that they are predominantly atomic nuclei ranging in energy from less than 10 6 eV to more than 10 20 eV. The fluxes of cosmic rays span over a wide range from more than 1 cm −2 s −1 at 100 MeV to approximately 1 km −2 century −1 above 100 EeV (figure 1). In 1938 Pierre Auger demonstrated that the cosmic-ray spectrum extends beyond 10 15 eV [1] . Today there is a plausible understanding that cosmic rays up to 10 15 eV are produced by shock waves of supernova explosions and the sources lie in our galaxy. Following Auger's work the energy spectrum of the cosmic rays was measured to higher energies by Rossi, Clark and co-workers [2] . The experimental efforts culminated in the large cosmic rays detector built first by Linsley and collaborators at Volcano Ranch in New Mexico, USA. This detector was an array of scintillation counters spread over an area of 10 km 2 . The cosmic rays were detected by the air showers produced by the primary particle in the atmosphere. In 1963 they reported a shower produced by a cosmic ray of energy 10 20 eV [3] . The energy spectrum of cosmic rays expands over 13 orders of magnitude in energy and 34 orders of magnitude in flux (figure 1) and exhibits a simple power law over almost the whole energy range. There is a change of slope in the region usually called 'the knee' located around the energy of 3 × 10 15 eV. In addition, at energies above 10 18.5 eV an unexpected structure in the spectrum can be observed (see figure 2 ) despite the fact that statistics is rather poor due to extremely low fluxes.
In the previous decade, a dozen cosmic ray events have been reported well in excess of 10 20 eV [4, 5] followed by recent experimental observation of six extremely high-energy events by AGASA [6] . Since there have been no published criticism of the determination of the energy of these events it is almost impossible that the detected events could result from experimental biases or calibration errors. The fact that there is no easy explanation of these events calls for new high-statistics experiments.
At present the largest operating detector is the AGASA array in Japan [5] with an acceptance of 125 km 2 sr for cosmic rays above 10 19 eV. In addition, the high-resolution fly's eye experiment in Utah is completed and taking data in stereo mode.
The Pierre Auger Collaboration has started the construction of the Southern observatory near Malargue in Mendoza province, Argentina. Its final aim is to build two observatories (one in the northern and one in the southern hemisphere) for a high-statistics measurement of EHECRs with an overall acceptance of 14 000 km 2 sr. In this paper we review the current situation of our understanding of the origin of EHECRs based on recent experimental results. We first discuss the conditions required for a site to be a source of EHECRs. Then we briefly describe the propagation of EHECRs through space. Next the detection techniques are summarized and the running detectors are introduced. Following that, recent experimental results are reviewed in terms of energy spectrum and anisotropy. Finally, we present the Pierre Auger Southern observatory which is under construction.
Possible sources of EHECR
Today's understanding of the phenomena responsible for the production of EHECR, i.e. the transfer of macroscopic amounts of energy to microscopic particles, is still limited. One distinguishes two classes of processes: the so-called 'top-down' and 'bottom-up' scenarios.
Conventional acceleration: bottom-up scenarios
In the known astrophysical context, it is a challenge to explain the acceleration of particles to energies above 10 20 eV. The suggested models for acceleration fall into the following classes: diffusive shock acceleration (first-order Fermi acceleration), acceleration in strong fields associated with accretion discs and compact rotating objects and acceleration in catastrophic events.
No matter how the particles are accelerated, the upper bound of the energy gained should be determined by balancing the acceleration time with the escape time from the acceleration site. In 1984, Hillas showed [9] that irrespective of the details of the acceleration mechanisms, the maximum energy of a particle of charge Ze within a given site of size L is
where B is the magnetic field inside the acceleration volume and β the velocity of the shock wave or the efficiency of the acceleration mechanism. The magnetic field needs to be large enough to confine the particles within their acceleration site and the site must be sufficiently large for particles to gain sufficient energy before they escape. These simple requirements already rule out most astronomical objects in our universe and is nicely represented in the Hillas diagram shown in figure 3 . Most of the galactic objects are excluded simply because they are too small and/or have magnetic fields that are too weak. Only a few extragalactic objects such as active galactic nuclei (AGN) and radio galaxies remain as possible candidates. This fact is the basic reason many favour the extragalactic origin of EHECRs. In any acceleration site, energy loss mechanisms always compete with the gain of energy. With first-order Fermi shock acceleration [10] , the acceleration time is proportional to the mean free path for scattering in the shock wave, which itself is approximately inversely proportional to the magnetic field strength. Therefore, a certain magnitude of B is required, not only to confine the particles within the site, but also to accelerate particles quickly. However, too strong a magnetic field also causes problems for particle acceleration, because it can cause protons to lose energy via synchrotron radiation. Other strong energy losses are caused by collisions with photons and/or matter at the acceleration site. This leads to additional requirements that the site must have sufficiently low densities of radiation and matter. This additionally limits the list of possible candidates. For example, the core regions of AGNs are ruled out because of this reason. The relativistic jets found in some classes of AGNs such as blazars may be able to produce EHECRs [11] although models require optimistic fine-tuning of the acceleration efficiency and Doppler boost factor of the relativistic jets. Rachen and Biermann [12] have proposed hot spots of Fanaroff-Rilley type II galaxies as EHECR sources. There seems to be enough acceleration power with not too high photon density at the hot spots. However, the possibility is not excluded that collisions with photons in the spots disables the acceleration of protons above 10 20 eV.
Exotic sources: top-down scenario
Difficulties in acceleration can be avoided if EHECRs are direct products of processes which do not require acceleration. 'Top-down' scenarios have recently been proposed [13] [14] [15] involving relics of symmetry-breaking phase transitions in the early universe such as cosmic strings and magnetic monopoles, characterized by a common name as topological defects. If such defects exist, they may have produced particles with energies up to the GUT scale (of the order of 10 25 eV) through the decay of X-particles produced in the decay of the defects. The decay of the X-particles produces, among other things, quarks and leptons. Quarks hadronize, producing jets of hadrons which, together with the decay products of unstable leptons, result in a large cascade of energetic photons, neutrinos and light leptons with a very small proportion of protons and neutrons. Any heavy nuclei are completely ruled out since hadron jets create no nuclei. Propagation effects would modify the emitting spectrum of each component, but one would still expect that gamma rays may be dominant at energies above 10 20 eV. The basic problem of this scenario is that topological effects are exotic and the absolute intensity of defects unknown. In addition, there is no experimental evidence that topological defects exist. Nevertheless, measurement of an excess of γ ray flux above 10 20 eV and/or detection of extremely high-energy neutrinos above 10 19 eV would be a signature of topological defects.
Propagation of EHECR in space
EHECRs propagate from their sources to the Earth. Understanding of propagation phenomena is of extreme importance since it puts constraints on possible sources and provides hints for the most effective way of searching them. Probability that a cosmic ray proton has travelled further than the indicated distance. Sources are assumed to be distributed uniformly throughout space and emitted with a differential spectral index α = 2.5. This figure is based on calculations by Sommers, University of Utah, USA.
The GZK cut-off
Soon after the discovery of the cosmic microwave background (CMB), it was pointed out by Greisen [16] , Zatsepin and Kuz'min [17] that CMB may render the Universe opaque to cosmic rays of sufficiently high energies. The threshold for pion photo-production (via resonance) through the reaction of protons or neutrons on CMB photons occurs at the energy of approximately 10 19.7 eV. Successive interactions reduce the energy of a nucleon until it falls below threshold. This effect is known as a GZK cut-off. Characteristic attenuation lengths for the protons at the highest energies are of the order of 10 Mpc which is a small distance on the cosmological scale. Energetic nuclei and photons also lose energy by photo-disintegration and pair production, respectively. Only neutrinos or unknown neutral weakly interacting particles would be immune but their interaction probability with atoms in the atmosphere would also be negligible unless the cross section becomes strong [18] . Thus, there exist limits to the distance to the sources of the most energetic particles. For any observed cosmic ray energy, the distance limit is nearly independent of the initial particle energy, if it is above the GZK cut-off. Figure 4 shows the probability that a cosmic ray proton-detected at energy E would have travelled a distance D (in Mpc). This probability assumes that the sources are distributed uniformly and the spectrum has a power-law dependence with α = 2.5.
Almost independent of the initial energy of a proton, it will be found with less than 10 20 eV after propagating over a distance of 100 Mpc. Thus the observation of a cosmic ray proton with energy greater than 10 20 eV implies that its distance of travel is less than 100 Mpc and that its initial energy at its source had to have been much greater. Thus, the GZK cut-off should be manifested in the observed spectrum as a strong suppression near 10 19.7 eV, with a possible pile-up in the differential spectrum just below that energy threshold. The detailed shape of the spectrum will depend on the source distribution in space and time as well as the initial production spectra. On the other hand, the evidence of beyond GZK cosmic rays raises questions on how the cut-off could be violated.
Magnetic fields
Possible EHECR sources can be located by the reconstruction of the incident cosmic ray's direction and by checking whether the data show images of point sources or correlations with distributions of astrophysical objects in our vicinity. Since it is likely that EHECRs are protons, they are bent in the magnetic field when propagating through the universe. We will show that deflection angles are small at energies above GZK cut-off which may open a window to proton astronomy.
There are a limited number of methods to study the magnetic fields on galactic or extragalactic scales [19] . The magnetic field structure of the galactic disc is thought to be rather well understood. One of the parametrizations currently used [20] foresees concentric field lines with a few µG strength and a field reversal at about one-half of the disc radius. Outside the disc and in the halo, the model is based on theoretical prejudice and is represented by rapidly decreasing functions.
Galactic magnetic fields of ≈ µG can no longer confine cosmic ray protons with energies greater than 10 19 eV in the galactic disc since the Larmor radius of a proton at that energy becomes greater than the thickness of our galactic disc. This means that any galactic protons can easily escape from our galaxy, provided that the magnetic fields do not extend out into the halo. This again favours the hypothesis of an extragalactic origin of EHECRs.
Information on the extragalactic magnetic field strength is difficult to gather. The study of extragalactic fields is mainly based on the Faraday rotation measurements of the linearly polarized radio sources. Because of the faintness of extragalactic signals, our knowledge of the strength and coherence distances of large-scale extragalactic fields is quite poor and only upper limits over large distances can be extracted. An educated guess gives an upper limit of 1 nG for the field strength and coherence lengths of the order of 1 Mpc [19] .
In figure 5 , three different scenarios are envisaged to evaluate effects of magnetic fields on a high-energy proton. The situations correspond to what is expected for:
• a trajectory through our galactic disc (0.5 kpc distance inside 2 µG constant and perpendicular magnetic field),
• a trajectory over a short distance (1 Mpc) through the extragalactic 1 nG constant and perpendicular magnetic field,
• a 30 Mpc trajectory through 1 nG extragalactic fields with 1 Mpc coherence length.
One can see that at 100 EeV the deviation in the third case is around 2
• . Since the angular resolution of cosmic ray detectors is comparable to or much better than this value, we expect to be able to locate point sources, if they exist, or to establish correlations with large-scale structures.
However, let us remember that the hypothesis of very weak extragalactic magnetic fields is not universally accepted. Several authors recently advocated our bad knowledge of those fields showing that correlations between the EHECR's direction and point sources or large structures may drop out if one envisages stronger fields either locally [21] or distributed over larger cosmological scales [22] . 
Detection techniques
An incoming cosmic ray interacts in the upper atmosphere producing a cascade which can build up to some 10 11 particles when the primary particle has an energy of 10 20 eV. At each generation about one-third of the available energy is transferred to an electromagnetic cascade through the prompt decay of neutral pions. The hadronic cascade proceeds until the charged pion energy is degraded to the point (≈ 20 GeV) that decay to muons become more probable than further interactions. This means that the predominant particles in the shower are electrons, photons and muons.
Surface arrays
At approximately 1500 m above sea level more than 50% of the shower particles are within the Molière radius of 80 m from the shower core. Far from the core ( 500 m) the energies of the EM particles are around 10 MeV, while the muons carry approximately 1 GeV energy. At large distances from the shower axis the particles arrival is delayed in time by more than 1 µs. An array of particle detectors can measure a two-dimensional spatial distribution of particles in the shower and a time distribution of the arrival of the particles in the shower as it intersects the ground plane. The surface detectors are usually placed far apart from one another, sampling the shower far from its core. The determination of the shower energy and the direction of the shower axis, i.e. the energy and direction of the primary cosmic ray, is obtained by simultaneously fitting the measured lateral distribution of EM particles and muons and their arrival times. In addition, the proportion of muons with regard to the EM compound provides information about the identity of the primary cosmic ray.
Fluorescence
Charged particles in the shower produce fluorescence light in the range between 300 and 400 nm as they pass through the atmosphere. The amount of light produced at each atmospheric depth is proportional to the shower size, i.e. the number of charged particles. A fluorescence detector which images the sky onto an array of photomultipliers can directly measure the longitudinal development of the shower. The integral of the longitudinal profile is a calorimetric measure of the total shower energy. A fluorescence detector can also measure the position of the shower axis and provide information on the identity of the primary particle through the observation of the depth (X max ) at which the shower maximum occurs.
Present experiments
Serious research on EHECRs started with the Volcano Ranch experiment [3] almost 40 years ago, subsequently joined by the SUGAR array [23] , Haverah Park [24] , Yakutsk [25] , fly's eye [26] , AGASA [8] and HiRes [27] experiments. Presently running experiments are Yakutsk, AGASA and HiRes, while Pierre Auger observatory is under construction. In addition, there are new experiments at the stage of proposal including the telescope array, AirWatch/OWL and EUSO. Here we will briefly discuss AGASA, HiRes and the Pierre Auger observatory.
AGASA
The Akeno giant air shower array (AGASA) is located at the Akeno observatory in Japan. It uses the surface array technique. The array consists of 111 scintillators of 2.2 m 2 area which measure the charged particle densities and 27 sets of proportional counters covered by absorbers to measure the muon component of air showers. The AGASA array covers an area of 100 km 2 and is the world largest surface array in operation. All detectors are connected to an optical fibre network so that their operation, calibration, monitoring and triggering can be controlled remotely [8] . The detection aperture for air showers with energies above 10 19 eV and for events with zenith angles of less than 45
• is ≈ 125 km 2 sr. Energy resolution for events with energy above 10 19 eV is estimated to be +18% and −25%. The typical angular resolution is 3
• and 1.5
• for 10 19 eV and 10 20 eV showers, respectively.
HiRes
The HiRes detector utilizes the air fluorescence technique. It consists of two sites (HiRes1 and HiRes2) separated by approximately 13 km. The sites are located in the West Desert of Utah at the Dugway Proving Grounds. This location is ideal for the quality of the desert atmosphere.
The optical systems at both sites consist of spherical mirrors of 3.8 m 2 area. The light collected by this mirrors are focused onto clusters of 256 hexagonal PM tubes closely packed into 16 rows by 16 columns. Each tube views a 1
• × 1 • patch of the sky. HiRes1 consists of 21 mirrors that view almost the full 180
• azimuthal range from 3
• to 17
• above the horizon. It uses a sample and hold electronics that integrates the PMT pulse. The trigger is based upon coincidences of combination of tubes whose signal exceeded a variable threshold. The HiRes2 consists of 42 mirrors that view about 80% of the azimuthal range from 3
• to 31
• above the horizon. The electronics at the HiRes2 detector is based upon 10 MHz FADCs. The PMT signals are therefore sampled every 100 ns. The trigger for the FADC is based upon digitized information. Timing of the two sites is synchronized by GPS.
Results

Spectrum
The exposures and the number of events at two energy thresholds for various experiments are shown in table 1. Rates from different experiments agree reasonably well above 4 × 10 19 eV although the statistics is very limited (see figure 2 ). The energy spectrum extends beyond 10 20 eV with no clear evidence of the GZK cut-off. 
Arrival directions of EHECRs
Above 4 × 10 19 eV, more than 100 events were collected by five experiments in the Northern Hemisphere. Uchihori et al made an extended cluster analysis of these data [28] . The latitude distributions in galactic and supergalactic coordinates show no statistically significant deviations from uniform distributions over the observable sky.
Uchihori et al also performed an analysis on the arrival direction of the detected EHECRs. They excluded the monocular fly's eye data since the error ellipses of those events are large compared with the ground array experiments. Within space angle of 3
• , they found two triplets and six doublets. In their analysis, each triplet was also decomposed into three doublets. They estimated the chance probability of coincidence within the experimental angular accuracy. Their results are shown in table 2. Their analysis shows that the chance of observing doublets or triplets within ±10
• of the supergalactic plane is less than 1% by assuming an isotropical distribution of sources. This suggests that some EHECRs my be correlated to the supergalactic plane. 
Pierre Auger observatory
The Pierre Auger observatories are designed to work in a hybrid mode, employing fluorescence detectors overlooking ground arrays. During clear moonless nights (≈10% of the time) all registered events will be observed by the fluorescence light and also by particle detectors at ground level. The fluorescence detectors will be similar in design to the HiRes detector [26] .
The surface array will be made up of water Cherenkov tanks placed approximately 1.5 km apart, and resembles the array successfully operated by the Haverah Park group [24] . Figure 6 shows the layout of the Pierre Auger Southern observatory. The Pierre Auger observatory will be installed in the southern and northern hemispheres in order to provide full sky coverage. The southern hemisphere detector is particularly interesting since very few detectors took data in the past in this part of the world from where the direction of the centre of our galaxy is visible. Each site will be equipped with an array of ground detectors covering an area of about 3000 km 2 , each of them being overlooked by several fluorescence detectors in order to provide full hybrid detection of incoming EHECRs.
Water Cherenkov ground array
The individual stations of the ground array will be water Cherenkov tanks (see figure 7) with a round surface of 10 m 2 and a height of 1.2 m. Cherenkov radiation emitted by charged particles penetrating the detector will be read out by three photomultipliers. The output signal will be digitized by flash ADCs, with the aim of separating the EM signal (low-energy electrons and photons) from the muons crossing the tank. The relative synchronization of the detectors will be provided by the GPS (global positioning system) satellites with a precision of a few nanoseconds. The communication between the stations and the data transfer to a central computer will be achieved by using radio signals by methods similar to cellular telephone techniques. The stations will be powered by solar panels and batteries which will allow operation in a stand-alone mode. 
Fluorescence detector
The reference design for the fluorescence detector is based on the tested fly's eye detector [26] . However, there are some minor differences. The pixels will have a 1.5
• diameter instead of 1.0
• . Each telescope will use 440 pixels. With the use of FADC electronics, the pixel size will not impact the longitudinal profile segmentation. Full description of the Pierre Auger fluorescence detectors and their simulated performance can be obtained from the Pierre Auger project design report [29] .
Variations of the above reference design are still under study. A promising option is to use Schmidt optics for each telescope. A diaphragm at the mirror's centre of curvature can eliminate the coma aberration that otherwise distorts the spot on the focal surface for off-axis parallel light rays. The elimination of coma enables the field of view to be extended from 15
• × 15
• . This would reduce the number of telescopes needed by a factor of four.
Performances
The Pierre Auger Collaboration has carried out extensive simulations to predict the performance of the proposed detector. The simulated air showers data were passed through detailed simulations of ground array and fluorescence detectors to determine the experimental resolutions and acceptance of the detector. Results are summarized in table 3. The hybrid data set will yield a subset of events which are particularly well measured, having independent data on energy and direction. Resolutions on this events are significantly improved over that of the surface array alone. When coupled with the determination of X max , these will greatly enhance the analysis of cosmic ray composition.
Aperture of the Pierre Auger detector depends on trigger conditions. It has the nice feature that it is constant above an energy level which is determined by the alerted station multiplicity. In case the trigger requires at least five alerted stations a constant aperture of 14 000 km 2 sr above 10
19.1 eV is obtained and it falls to only 10% at 10 18.3 eV. The spectrum measurement can be easily extended to lower energies by simply changing the trigger conditions. Details can be found in the Pierre Auger project design report [29] .
Summary
Data on EHECRs from past and present experiments show that the primary cosmic-ray energy spectrum extends up to a few times 10 20 eV. The arrival direction distribution of EHECRs is uniform. A recent analysis by Uchihori et al has shown, however, that a small fraction of EHECR events cluster on a scale comparable to the angular resolution of the detectors.
The existence of EHECR is a puzzle of modern physics. Its solution cannot be explained with present knowledge and needs new ideas in astrophysics and/or in elementary particle physics and it calls for new high-statistics data. Further observations of EHECRs at the highest energies are limited by the exposure of the present experiments. Statistics, which should contribute to a better understanding of the mystery of EHECRs, will hopefully be provided by the new oncoming experiments with apertures which are higher by at least an order of magnitude.
